In this study we examined the efficacy of cryopreserving porcine fetal mesencephalic tissue. After microscopical dissection of the ventral mesencephalon (VM) from E28 pig fetuses, the collection of explants was randomly divided into two equal parts. One part was directly prepared as cell suspension. The other part was stored in hibernation medium for less than 2 days and then cryopreserved as tissue fragments and stored in liquid nitrogen. After 2 weeks up to 1 year, these tissue fragments were thawed and processed as cell suspensions. After cell counting and assessment of viability, these cell suspensions were used to examine survival, morphology, and neurite formation of the dopaminergic neurons in cell culture as well as after intrastriatal implantation in 6-OHDA-lesioned rats. Comparison of cryopreserved with fresh VM cell suspensions showed no significant difference with respect to cell viability and the average number of living cells per VM explant. The morphology of cultured dopaminergic neurons after cryopreservation was identical to that of fresh cells. After intrastriatal implantation, survival and outgrowth of cryopreserved dopaminergic neurons as well as functional effects did not differ from those of fresh cells. In conclusion, the cryopreservation technique we used proves to be a reliably effective method for storing porcine fetal VM tissue. 573 574 KOOPMANS ET AL.
INTRODUCTION
duration of storage seems to have no effect on cell survival (3, 14, 28) . However, the freezing and thawing procedures appear to result in a variable reduction of cell The increasing interest for intracerebral transplantation of fetal neural allo-and xenografts as a potential survival (3, 4, 14) . This variability in cell survival seems not only to be related to variations in the freezing and therapy for Parkinson's disease (PD) and other neurodegenerative diseases has created a demand for a reliable thawing procedures but also to factors such as gestational age and species of the animal used. method of storing donor tissue. Storage has the advantage of dissociating the moment of harvesting the tissue Since the use of porcine fetal ventral mesencephalon (VM) tissue has become a promising alternative as an from that of implantation. It also allows us to characterize, optimize, and eventually manipulate the tissue prior intrastriatal xenograft in PD patients (5, 6, 10, 15, 20, 22) , we have examined the feasibility of using cryopreserva-to implantation. Storage also allows thorough investigation of the tissue for the presence of transfectants that tion for storing this tissue. In this study, it was our purpose to evaluate the influence of cryopreservation on might compromise the recipients. There are three methods of storing tissue: 1) storing the tissue in culture at porcine fetal dopaminergic VM tissue. To that end, we have determined the number of viable VM cells before 37°C; 2) hibernating the tissue at 4°C, slowing down cellular metabolism; and 3) cryopreservation, which and after various periods of cryopreservation. In addition, we have used cell culture and intrastriatal implanta-completely arrests cellular metabolism. Hibernation has been shown to result in good survival up to a maximum tion in 6-hydroxydopamine (6-OHDA)-lesioned rats (the animal model for PD) to assess the survival, the enzy-of 8 days (8, 9, 11, 18, 21, 24) . With cryopreservation, the matic (TH) activity, and the capacity of the fetal dopa-of Ca 2+ -and Mg 2+ -free Hanks's buffer, 0.6% glucose, 100 U/100 µg per ml penicillin/streptomycin, 0.3 mM/ minergic neurons to form neurites after cryopreservation. In the animal model for PD we also compared the ml HEPES, 500 µg/ml DNAse, and 0.1% Worthington's trypsin) for 15 min at 37°C, and then incubated in a functional effects of the cryopreserved TH-positive neurons with those of freshly obtained TH-positive neurons.
trypsin-inhibiting medium (containing 100 µg/ml soybean trypsin inhibitor) for 5 min at room temperature.
MATERIALS AND METHODS
Subsequently, the tissue was rinsed three times using a Isolation of Fetal VM Tissue 10% FCS-containing washing medium and gently disso-Porcine fetuses (6-10 per litter) were obtained from ciated using fire-polished constricted Pasteur's pipettes anesthetized 28-day pregnant pigs (13) of crossbred with decreasing bore diameters. The washing medium Dutch-Yorkshire Landrace by hysterotomy. The fetuses was then replaced by 1 ml culture medium (consisting were extracted individually and the VM was immediof DMEM/F12, 0.6% glucose, 100 U/100 µg per ml ately microscopically dissected according to a prepenicillin/streptomycin, and 10% FCS). The number of viously described method by van Roon et al. (31) .
viable cells was determined by the trypan blue exclusion After dissection, the VM were cut into small fragtest (21), and viability was expressed as percentage of ments and equally divided over either a saline solution viable cells with respect to the total number of cells. (fresh control group) or hibernation medium (cryopres-
The average number of cells per VM explant was ervation group) and stored at 4°C. The hibernation mecalculated in order to estimate the total cell loss due to dium (18, 21, 24) consisted of: 2.236 g/L KCl, 0.9 g/L cryopreservation (3,26). glucose, 0.48 g/L MgCl 2 × 6H 2 O, 1.511 g/L NaH 2 PO 4 × Cell Culture H 2 O, 0.89 g/L Na 2 HPO 4 × 2H 2 O, 6 ml/L lactic acid (30%, Sigma); pH was set at 7.2 by adding KOH, and osmolar-A monolayer culture technique described previously ity was adjusted to 300 mM by adding sorbitol. The porby van Roon et al. (31) was used. Briefly, porcine VM cine fetal tissue was stored in this hibernation medium cells were incubated in a water-jacketed incubator at for 44 h (for practical reasons). This was feasible be-37°C and 5% CO 2 /95% air at a density of 2 × 10 5 cells cause the procedure of hibernating fetal tissue for less per well, using poly-L-lysine and laminin-coated 24than 5-7 days has little effect on cell survival (8, 9, 11, multiwell plates (Costar) , in quintuplet. The cells were 18,21,24). The assessment of the fresh control was conincubated in 1 ml serum-supplemented medium consistducted within 6 h.
ing of Dulbecco's modified Eagles medium (DMEM)/ HAM's F12 (1:1), 0.6% glucose, 100 U/100 µg/ml peni-Cryopreservation Procedure cillin/streptomycin, and 10% fetal calf serum. Cell sur-After temporary storage in the hibernation solution vival and cell outgrowth in fresh and cryopreserved porthe VM fragments were placed in a 1-ml cryotube concine VM were monitored daily for 5 days. After 5 days taining a 1 ml 0.9% saline, 0.6% glucose, and 10% the cultures were subjected to fixation by the addition DMSO solution (approximately 20 × 10 6 cells per ml, as of a 4% paraformaldehyde solution and then immunowas retrospectively assessed), stored on melting ice, and stained for the following proteins: tyrosine hydroxylase frozen within 15 min in a programmed freezer, using the (TH) to demonstrate dopaminergic expression (mouse same freezing program as described by Sauer et al (24) . monoclonal anti-TH; Boehringer), microtubule-associ-Hereafter the cryotube was stored in liquid nitrogen. ated protein (MAP-2) as a specific marker for neuronal After a period varying from 2 weeks to 1 year, the cells (mouse monoclonal anti-MAP-2; Boehringer), and tissue was thawed within 2 min by immersion in 37°C glial fibrillary acidic protein (GFAP) to identify astrowater and transferred to a 5-ml tube. It was then diluted cytes (mouse monoclonal anti-GFAP; Boehringer). The three times 1:1 with a washing medium [consisting of secondary antibody was biotinylated goat anti-mouse Ca 2+ -and Mg 2+ -free Hank's buffer solution, 500 µg/ml IgG followed by streptavidin-peroxidase conjugate and DNAse, 0.6% glucose, 100 U/100 µg per ml penicillin/ finally 0.04% 3,3-diamino-benzidine (DAB) and 0.01% streptomycin, 0.3 mM/ml HEPES with 20% fetal calf H 2 O 2 . serum (FCS)] to slowly wash out the DMSO. Finally, all supernatant was replaced by 1 ml washing medium Implantation and Functional Testing to remove DMSO remnants to avoid negative effects on As recipients for the transplants, female Wistar rats survival and outgrowth of the neurons (27).
(weighing approximately 200 g) were anesthetized with Preparation of Cell Suspension and ketamine 25 mg/kg and medetomidine 0.1 mg/kg IP and Viability Assessment unilaterally lesioned within the nigrostriatal pathway to induce rotational asymmetry (30). Briefly, 3 mg/ml 6-Both the fresh and cryopreserved VM tissue fragments were incubated in a trypsin medium (consisting OHDA (Sigma) in ascorbate-saline (0.2 mg/ml ascorbic acid in 0.9% NaCl) was injected at two sites in the left by the thickness of the section (40 µm); by summing up all these areas an estimate of the total graft volume was nigrostriatal pathway using a SGE chromatography syringe (coordinates: site I: incisor bar −2.4 mm, −4.4 mm obtained. The SN was included in the sections stained for TH in order to verify that possible reduction of rotational rostral and 1.2 mm left relative to bregma, 7.8 mm depth relative to the dura; site II: incisor bar +3.4, −4.0 mm behavior was not due to recovery of the TH-positive cells in the host SN. rostral and 0.8 mm left to bregma, 8.0 mm depth relative to the dura). At each of the lesioning sites 2.5 µl 6-Statistical Methods OHDA solution was injected at a rate of 1 µl per minute, leaving the needle in place an additional 4 min before Data were analyzed using SPSS (Statistical Packwithdrawing. Four weeks after lesioning rats were tested age for the Social Sciences) for Windows, V7.5.3. Diffor amphetamine (5 mg/kg, IP)-induced rotational beferences were assessed using the paired t-test, paired thavior. Rats rotating more than seven ipsilateral rounds test with adjustment for multiple comparison, multivariper minute for 90 min were selected. Eleven rats reage test, and repeated measures analysis of variance ceived implants of a cell suspension prepared from fresh (ANOVA). VM tissue and another group of 11 rats received those RESULTS from cryopreserved VM tissue. Every rat received 400,000 porcine fetal VM cells dissociated in 4 µl sa-Viability line, which were stereotaxically implanted into the left No difference in viability was observed between samstriatum (coordinates: 0.9 mm rostral and 2.6 mm left ples frozen for different periods of time. The mean viarelative to bregma, 5.1 and 4.0 depth relative to the bility and SD of nine samples were calculated. Viability dura). Injection of the suspension, using a SGE chromaafter cryopreservation (86.4 ± 2.1%) did not differ sigtography syringe, was performed in intervals: the first 2 nificantly from the fresh control (87.8 ± 5.9%) (p > µl in 2 min at 5.1 mm depth, followed by a 5-min pause, 0.05) (t-test). the last 2 µl in 2 min at 4.0 mm depth, followed by 5min pause before slowly removing the needle. All rats Average Number of Cells per VM were given 10 mg/kg/day cyclosporin SC, starting on
The average number of cells per VM and SD of seven the day of implantation. Amphetamine-induced rotasamples were calculated. Although the average cell tional testing was performed 4, 8, and 14 weeks after number per porcine VM seemed to decrease after cryoimplantation.
preservation (3.32 ± 0.80 × 10 6 ), the difference with the fresh control (4.04 ± 1.34 × 10 6 ) was not significant Histology of Intrastriatal Implants (p > 0.05) (t-test). Fourteen weeks after intrastriatal implantation, the rats were anesthetized and perfused with a 4% paraform-Cell Culture aldehyde solution. The brains were removed and sec-Cell suspensions from the pooled VM of the offtioned in a cryostat. One in every five sections was spring of seven pigs were analyzed in cell culture. The stained with cresyl violet and one in every five sections morphology of fresh ( Fig. 1) and cryopreserved (Fig. 2 ) was immunostained for TH by subsequently incubating porcine fetal VM cells in all cultures was identical and with the primary antibody (Rabbit Polyclonal anti-TH consistent with the description by van Roon et al. (31). Antibody; PelFreeze) overnight, the secondary antibody After 5 days in culture most of the TH-positive neurons (biotinylated goat anit-rabit IgG; Vector Labs) for 30 min, had a bipolar appearance. During the period of culturing ABC solution (Vectastain elite, ABC kit; Vector Labs) the neurons developed distinct neurites with a length not for 30 min, and finally with 0.04% DAB and 0.01% H 2 O 2 exceeding the distance of three times their soma diamefor 15 min before mounting on gelatin-coated glass slides.
ter. In both fresh control and cryopreserved porcine fetal Between all incubations steps the sections were rinsed VM cultures, the TH-positive neurons only constituted with PBS and after mounting they were dehydrated a minor fraction of the MAP-2-positive cells. Also, through graded concentrations of alcohol, cleared in xy-GFAP-positive astrocytes survived in vitro after cryolene, and sealed using DePeX and glass coverslips. In orpreservation and their morphology was not altered. Beder to determine the survival of dopaminergic neurons cause we did not attempt to limit the number of these after implantation, TH-positive cells were counted and the (proliferative) supportive astrocytes, the cultures of both total number of cells was calculated using the formula of fresh and cryopreserved cells formed dense cell clusters Abercrombie (1). To assess the volume of the graft, the consisting of a great number of GFAP-positive astroarea of the graft was measured, using computerized morcytes and a few TH-and MAP-2-positive neurons. It phometric analysis (Leica Qwin, Cambridge UK), in each of the TH-immunostained sections, multiplied by 5 and was not possible to do reliable differential cell counts 
Figure 2.
Photograph of cryopreserved fetal procine VM after 5 days in culture, immunostained for TH. Among many neuronal and nonneuronal cells, darkly stained TH-positive neurones with neurite outgrowth can be observed. The morphology of cultured cryopreserved TH-immunoreactive cells is the same as that of the fresh cells (Fig. 1) .
on these dense cell clusters and to obtain quantitative VM cells, all rats improved more than 50% 14 weeks after implantation. Indeed, all but two rats in both groups data on the exact number and, consequently, on the survival rate of the TH neurons in vitro.
showed a complete recovery of the amphetamine-induced ipsilateral movements or even overcompensation, Functional Testing displaying contralateral rotational movements. Both groups showed significant improvement of am-Histology of the Intrastriatal Implant phetamine-induced rotational behavior 14 weeks after All rats in both groups showed graft survival and intrastriatal implantation compared with the preimplanoutgrowth of TH-positive neurons (Figs. 4 and 5) . The tation values of their respective groups (Fig. 3) : fresh graft volume in the cryopreservation group (2.8 ± 1.3 VM group (paired t-test, p < 0.001) and cryopreserved mm 3 ) did not differ significantly from the fresh control VM group (paired t-test, p < 0.001). Analysis of the re-(1.9 ± 0.8 mm 3 ) (t-test, p > 0.05) (Fig. 6 ). The total duction in rotational behavior between different time number of TH-positive cells in the graft in the cryoprespoints shows that a significant reduction took place beervation group (1705 ± 754 cells) did not differ signifitween 8 and 14 weeks in both groups (fresh VM group:
cantly from the fresh control (1682 ± 540 cells) (t-test, mean difference 12.32, paired t-test with adjustment for p > 0.05) (Fig. 6 ). Importantly, in none of the rats was multiple comparisons, t = 4.63, p < 0.01; cryopreserved any sign of recovery of TH-positive cells in the SN ob-VM group: mean difference 12.90, paired t = test with served. The rats (two in both the fresh and the frozen adjustment for multiple comparisons, t = 8.22, p < group) that were lagging behind in functional recovery 0.001) (Fig. 3) . Comparing both groups, there was no showed fewer surviving TH-positive cells (fresh: 1327 significant average difference with respect to rotational and 963 TH+ cells; frozen: 707 and 253 TH+ cells) and behavior at any time point (multivariate test, sphericity smaller grafts (fresh: 1.39 and 0.94 mm 3 ; frozen: 1.52 assumed, F = 1.12, p = 0.31), nor was there a significant and 1.28 mm 3 ) compared with the averages in their redifference with respect to reduction of rotational behavspective groups. ior between different time points [repeated measures ANOVA, F(3, 60) = 0.11, p = 0.91]. In the group im-DISCUSSION planted with a fresh VM cell suspension all but one rat Viability and total cell numbers of porcine fetal VM showed a reduction in ipsilateral turns of more than tissue did not decrease after cryopreservation. The sur-50%, 14 weeks after implantation, compared with previval and outgrowth in culture of cryopreserved porcine implantation. In the group implanted with cryopreserved fetal VM cells were of the same rate and same extent as in fresh porcine fetal cell cultures. Moreover, there was good survival and outgrowth of cryopreserved porcine fetal VM cells after intrastriatal implantation in the rat. The viability figures in our cryopreservation experiments were substantially higher than those found by Sauer et al. (24) using rat fetal tissue, despite the fact that we have used the same freezing program. Apparently, factors other than the mere freezing program are influencing cell survival.
First, it is possible that unknown species-related factors are involved, resulting in a lesser vulnerability of porcine fetal tissue to cryopreservation than rat fetal tissue. However, also in preliminary cryopreservation studies (using the same cryoprocedure) with rat fetal tissue, we have found a much higher viability (fresh: 92.6 ± 4.86%, cordingly, it is conceivable that difference in develop-ing and could not be dissociated without using trypsin. In all our previous pilot experiments, in which we have mental stage is a second factor explaining the differences between the viability data in our cryopreservation tested different cryopreservation protocols, we have noticed that mushy tissue after thawing was always accom-studies and those of Sauer and coworkers (24). Third, differences in exposure to DMSO may have panied by poor viability (20-40%) . The reason for assessing the total number of cells per seriously influenced cell viability data. There is ample evidence that exposure of fetal cells to DMSO at room porcine VM explant prior to and after cryopreservation was to verify whether the high viability of porcine fetal temperature is toxic and, therefore, the exposure time of fetal cells to DMSO should be as short as possible tissue after freezing was not due to disintegration of dead or severely damaged cells in the process of dissoci- (16, 24, 28) . Sauer and coworkers (24) added DMSO solutions of increasing DMSO concentrations to rat fetal ating the tissue after thawing. Although the total cell number per porcine VM seems to decrease after freez-VM up to a final 10% DMSO concentration in five 10min intervals at 4°C. Instead, we immediately added a ing, the difference was not significant. This indicates that high viability after freezing is not due to disintegra-4°C 10% DMSO solution and started the freezing program within 15 min, minimizing the toxic influences of tion of dead cells during the process of dissociating the tissue. One of the reasons for the slight decrease of the DMSO.
Finally, Sauer's group did not use trypsin to dissoci-total cell number per VM after freezing may be the greater number of steps in the procedure of preparing the ate the tissue after freezing, claiming that thawed tissue was mushy and could easily be dissociated mechani-cryopreserved tissue in comparison with fresh tissue, which inevitably results in loss of cells. cally. Our tissue was of normal consistency after thaw- Overview of a coronal section through the striatum of a rat grafted with cryopreserved porcine E28 VM cells, 14 weeks after implantation. TH staining exhibits a similar graft architecture as the fresh implantation (Fig. 4) , showing TH-positive cells organized in clusters. (B) Detail of white box in (A). Identically to the fresh implant ( Fig. 4) , the TH-positive cells have a well-developed appearance and extensive neurite outgrowth (arrows) into the striatum of the host.
We have used cell culture and intrastriatal implantation for a qualitative assessment of the enzymatic (TH) profile and the capacity of the fetal dopaminergic neurons to form neurites after cryopreservation. In accordance with various other studies (3, 17, 19, 23, 27) , our in vitro results show that cryopreservation of porcine fetal VM cells did not affect their TH expression nor their ability to form neurites. Our cell cultures did not allow reliable quantification of the relative and actual number of surviving TH-positive neurons. After implantation, rats in both groups showed equal functional recovery with a sharp reduction in rotational behavior between 8 and 14 weeks after implantation. These results are consistent with the findings of Huffaker et al., who showed Figure 6 . Graft volume of individual rats in both the cryoa reduction in ipsilateral rotations at 9 weeks and compreservation (n = 11) and the fresh control (n = 11) groups is plete recovery within 14-17 weeks after implantation of shown on the left side of the graph, and on the right the estipig fetal VM tissue in rats (15) . In both groups all but mated number of TH-positive cells in the graft of individual two rats ceased to show ipsilateral rotations after amrats in both the cryopreservation (n = ) and the fresh control (n = 11) group is shown. phetamine administration, some even showed contralat-580 KOOPMANS ET AL. eral rotational behavior. The fact that those rats persist-clinical use. The use of cryopreserved porcine tissue derived from large litters of standardized embryonic age ing in rotational behavior showed fewer surviving THpositive cells and smaller grafts compared with the aver- (20) may be a preferable alternative, because the composition of the cryopreserved grafts is highly homoge-age in their respective groups is likely to account for their poor functional recovery at 14 weeks. Alterna-neous, yielding more consistent results.
In future studies, a few other variables (e.g., duration tively, total functional recovery in these animals might have been demonstration of postponed functional recov-of hibernation and/or cryopreservation) may be addressed to further optimize the cryopreservation tech-ery as described by Huffaker et al. (15) . In studies where a slightly different freezing protocol was used on human nique described. Gestational age of the procine VM tissue, in this respect, should not be considered as a or rat VM tissue it was found that cryopreservation resulted in a reduction in the number of surviving TH-possible variable, because we have shown that E28 clearly is the optimal gestational age of fetal procine positive neurons after implantation compared with fresh controls (2, 7, (24) (25) (26) . Collier et al. reported that, al-VM tissue for implantation in parkinsonian patients (13) . We are confident that the above-described cryo-though the mean number of surviving TH-positive cells after implantation in their experiments did not differ be-preservation technique is a reliable method of storing porcine fetal VM tissue to be used for transplantation in tween the cryopreservation group and the fresh control, the distribution within the cryopreservation group was Parkinson's disease. unfavorable in comparison with their fresh control (2).
